Carbonic anhydrase isozyme III (CAIII) is unique among the carbonic anhydrases because it demonstrates phosphatase activity. CAIII forms a disulfide link between glutathione and two of its five cysteine residues, a process termed S-glutathiolation. Glutathiolation of CAIII occurs in vivo and is increased during aging and under acute oxidative stress. We show that glutathiolation serves to reversibly regulate the phosphatase activity of CAIII. Gluta (3) (4) (5) . CAIII is present in large amounts in certain tissues, comprising -5% of the soluble protein of male rat liver (6), -8% of skeletal muscle (7), and up to 25% of adipocytes (8). The physiological function of the enzyme is unknown, but these characteristics suggest that it may not act simply as a carbonic anhydrase.
The carbonic anhydrases catalyze the reaction of carbon dioxide and water to form carbonic acid. Seven human isozymes are known (1) and deficiency of isozyme II causes a syndrome of osteopetrosis, renal tubular acidosis, and cerebral calcification (2) . Carbonic anhydrase isozyme III (CAIII) is distinguished from the other isozymes by several characteristics, particularly by a lower specific activity ('1% of isozyme II) and by its resistance to acetazolamide, which inhibits isozymes I and II (3) (4) (5) . CAIII is present in large amounts in certain tissues, comprising -5% of the soluble protein of male rat liver (6) , -8% of skeletal muscle (7) , and up to 25% of adipocytes (8) . The physiological function of the enzyme is unknown, but these characteristics suggest that it may not act simply as a carbonic anhydrase.
It has been known for some years that isozyme III is unique among the carbonic anhydrases because it also possess phosphatase activity when assayed with nitrophenyl phosphate (9) . Activity against such a substrate provides presumptive evidence that it could function as a phosphotyrosyl phosphatase.
The three-dimensional structure of CAIII was determined to 2.0 A resolution (5) , although the domain responsible for phosphatase activity could not be identified at the time. Subsequently Zhang et al. (10) pointed out that enzymes catalyzing phosphoester hydrolysis have a consensus sequence of C-X5-R, and we noted that this sequence occurs in all of the known CAIII sequences (11) . In the rat, this sequence begins at residue 181 and includes a cysteine at residue 186, adjacent to the essential arginine: C181-LFPA-C186R'87.
In the course of studies on the biology of aging, we purified CAIII from the livers of young and old rats (2 and 18 mo) (11) . The specific activity of the carbonic anhydrase was similar for the protein from young and old rats. However, the phosphatase activity was lost in enzyme purified from the older animals, an alteration with potential ramifications for cellular regulation and signal transduction. Mammalian CAIII has been shown to form a disulfide link with glutathione at both Cysl81 and Cys186 (12) , a process termed glutathiolation. We found that the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. extent of glutathiolation was doubled in the preparation from the older rats, suggesting that the increase in glutathione content at the most reactive cysteine caused the loss of phosphatase activity.
We investigated this possibility and found that the opposite actually occurs: Phosphatase activity requires glutathiolation of Cys186. The activity can be switched on and off by the reversible glutathiolation of this cysteine residue, providing a novel mechanism for the regulation of phosphatase activity.
MATERIALS AND METHODS
Purification and Assay of CAIII. CAIII was purified from liver of young male rats (Fischer 344) as described (11) . The three enzymatic activities of CAIII were measured by published methods: carbonic anhydrase (13), esterase (14) , and phosphatase (9) . Each assay was performed with and without enzyme, and a blank with all additions except the enzyme was subtracted to calculate the catalyzed rate. Protein concentration was determined by the procedure of Bradford (15) using bovine serum albumin as standard. S-glutathiolation of CAIII was determined by reverse phase chromatography (11) and isoelectric focusing (16) . Recombinant human CAIII was produced using a T7 vector kindly provided by P. J. Laipis (17) . It was purified with a 50-80% ammonium sulfate cut followed by DEAE chromatography in 50 mM Tris, pH 7.8. CAIII did not bind to the column and was pure by SDS electrophoresis.
The rates of dephosphorylation of phosphoserine, phosphothreonine, and phosphotyrosine were measured by determining the rate of production of inorganic phosphate (18 (20) . The buffer was 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, and the solutions were made 6 M in guanidine HCI by addition of 1 g of solid guanidine HCl per ml. Reaction was initiated with 0.1 M NH2OH, the pH adjusted to 7.5, and 5-IAF was added to give 1 mM concentration. Incubation was continued for 1 hr in the dark at room temperature, and reagent was removed by gel filtration on a PD-10 column equilibrated with 6 M guanidine/50 mM Tris-HCl, pH 7.5/5 mM EDTA. The protein was then desalted by reverse-phase HPLC as described above, and the fraction containing CAIII was dried in a Speed-Vac.
Thirty microliters of 10 mM Tris-HCl (pH 8.0) and 1% (wt/wt) trypsin were added to the dried protein. The (9) , which today would be taken as presumptive evidence of phosphotyrosyl phosphatase activity. We compared the phosphatase activity using p-nitrophenyl phosphate, phosphotyrosine, phosphoserine, and phosphothreonine. The activity with phosphotyrosine was 93% that with p-nitrophenyl phosphate (0.14 nmol/min/mg). Phosphoserine and phosphothreonine were substrates but activity was only 25%.
The natural substrate for CAIII's phosphatase activity is not yet known, so we tested two phosphopeptides that are products of tyrosine kinase catalyzed phosphorylation. The first was a 15-residue peptide phosphorylated by src kinase. No dephosphorylation by CAIII was detected. The second peptide was the 10-residue peptide phosphorylated by platelet-derived growth factor receptor. Dephosphorylation was readily detected with an HPLC assay, and the specific activity was 0.04 ± 0.01 nmol per min per mg of protein.
The phosphatase activity of CAIII is known to be inhibited by anions such as molybdate, arsenate, and phosphate, and they have no effect on the carbonic anhydrase activity (9) . We tested vanadate, a well-known phosphotyrosyl phosphatase inhibitor, and found that it inactivated the enzyme with an apparent Ki of 2.5 tM. Vanadate had no effect on the carbonic anhydrase activity of CAIII. Phosphatase activity was unaffected by 100 mM NaCl, 100 mM KC1, or 10 mM MnC12, but decreased 65% by 1 mM EDTA. MgCl2 stimulated activity to 170% of the basal value, with 60 ,uM Mg2+ yielding halfmaximal stimulation.
Glutathiolation Is Required for Phosphatase Activity. CAIII forms disulfide linkages between glutathione and cysteine residues of the protein (16, 21, 22) . Isoelectric focussing and reverse phase chromatography are two convenient methods for separation of the native, monoglutathiolated, and diglutathiolated forms of CAIII. In the studies described below, we used both techniques, and the results from the two techniques were in agreement. Glutathiolation is a reversible covalent modification. Exposure of the purified protein to oxidized glutathione leads to glutathiolation of CAIII through disulfide exchange. The extent of glutathiolation is dependent on pH and the concentration of oxidized glutathione (Fig. 1) . Exposure to a mixture of reduced glutathione and the oxidizing agent diamide drives the reaction to the diglutathiolated form (16) . The fully deglutathiolated form is obtained upon treatment with dithiothreitol, monitored by both HPLC and isoelectric focusing (Fig. 2) .
During aging, CAIII loses phosphatase activity and becomes more extensively glutathiolated, suggesting a causal relationship. Deglutathiolation of CAIII purified from old rats did not restore phosphatase activity, nor did it affect carbonic anhydrase activity. However, deglutathiolation of CAIII from young animals virtually abolished phosphatase activity (Fig. 3) FIG. 4 . Determination of the free sulfhydryl content at the five cysteine residues of CAIII. A total of 250 t/g of CAIII purified from young rat liver was treated with 5-IAF under denaturing conditions, digested with trypsin, and the entire peptide collection subjected to 20 cycles of Edman degradation. Reduced cysteine residues were detected and quantified from the chromatogram at 470 nm. For each cycle, the value obtained with the dithiothreitol-treated enzyme was set to 100%. The recovery of labeled cysteine from the other proteins was compared to this value, with correction for slight differences in recovered protein made by determining recovery of total PTH-amino acids at 269 nm. Solid bars: CAIII purified from young rats, without dithiothreitol treatment. Shaded bars: CAIII treated first with dithiothreitol and then oxidized glutathione to yield a mixture of -40% monoglutathiolated and 60% unglutathiolated forms. Open bars: CAIII treated first with dithiothreitol and then with glutathione/ diamide to give primarily the diglutathiolated form.
reagent. These would be Cys181 and Cys186 in the rat sequence, and a preliminary report (12) of the crystal structure of the diglutathiolated form confirmed that these residues were derivatized. We wanted to determine which residue must be glutathiolated to activate the phosphatase and whether there is a difference in the sites of glutathiolation between young and old enzyme that might account for loss of phosphatase activity. The strategy that proved successful in locating the sites was to alkylate the free sulfhydryl groups with 5-IAF. This procedure leaves the glutathiolated residues intact while labeling the other cysteines with a chromophore and fluorophore, fluorescein.
Fig. 4 shows that activation of the fully reduced phosphatase by monoglutathiolation introduced a glutathione moiety specifically at Cys186. Similar analysis of protein purified from young and old animals demonstrated glutathiolation occurred at the same cysteine. In addition, disulfide formation among Cys181, Cys201, and Cys204 involved '30% and -40% of the residues in CAIII from young and old liver, respectively, a conclusion confirmed by assay with Ellman's reagent. As (12) , it also stimulated the formation of intramolecular disulfide bridges. This conclusion also was confirmed by assay with Ellman's reagent.
DISCUSSION
Glutathiolation of CAIII is known to occur in vivo (16, 21, 22) , and the extent of glutathiolation increases in response to oxidative stress (23, 25, 26) . It has been proposed that formation of the disulfide with glutathione protects the cysteine residue from irreversible oxidation, for example, to the sulfonic acid (26) . Subsequently, the protected residue could be deglutathiolated, perhaps by glutaredoxin (12, 16, 27 Glutathiolation, like many other modifications of proteins, can occur nonenzymatically. However, as has been discovered for so many other modifications, it seems likely that controlled, enzymatic mechanisms for reversible glutathiolation will be found in the cell (28) . Other proteins are known to be susceptible to glutathiolation and the list is growing (28) (29) (30) .
CAIII has the motif C-X5-R identified as the signature sequence in phosphoester hydrolysis. The motif is found in phosphotyrosine-specific phosphatases, in dual specificity phosphatases, and in low molecular weight acid phosphatases (10) . While CAIII can act as a phosphotyrosyl phosphatase, it could also function as a dual specific phosphatase. The finding of activity against phosphoserine and phosphothreonine points out the need for further studies, including identification of the natural substrates.
The C-X5-R motif appears to form a phosphate binding loop (31), a concept supported by the crystal structure of the Yersinia phosphotyrosine phosphatase (10) . An arginine was shown to be important in the phosphatase activity of CAIII by chemical modification (32) . The (33) (34) (35) . Oxidative stress has been shown to increase glutathiolation, and it is conceivable that the concentration of a specific reactive oxygen species such as hydrogen peroxide is important in regulating the extent of glutathiolation. The mechanism of activation of the CAIII phosphatase by glutathiolation is a matter of speculation at present. The preliminary report (12) Reversible covalent modification of proteins is a fundamental mechanism of cellular regulation. Phosphorylationdephosphorylation is surely the most prevalent example, although many others are well-described (37 Biochemistry: Cabiscol and Levine conclude that reversible glutathiolation of CAIII provides an on-off switch for the regulation of its phosphatase activity.
